Socio-ecological theory asserts that mating strategies are dictated by the distribution of females and the ability of males to monopolize them. Within several bottlenose dolphin (Tursiops truncatus) populations, males demonstrate a relatively rare mating strategy: cooperative mate guarding within alliances. Dolphin alliances vary in complexity, but to date, documentation of multi-level alliances has been limited to Shark Bay, Australia. Given the rarity of male reproductive alliances, opportunity for comparative study is limited. This study is the 1st documentation of the complexity of male dolphin alliances in estuarine waters along the Atlantic coast of the United States. Photo-identification data were collected from March 2011 to 2014 in the St. Johns River (SJR) in Jacksonville, Florida. Analyses included individuals sighted 10+ times and were divided into females (n = 78), males (n = 25), and unknown sex (n = 78). Thirty individuals met the criteria for alliance status and 20 individuals formed 2nd-order alliances. Results fit the sex-specific association patterns described for other populations, with low-moderate bonds (half-weight indices) between females and markedly stronger bonds among males and individuals of unknown sex. Comparative studies between the SJR and Shark Bay, Australia, as well as with nearby and ecologically similar field sites are needed to determine the selective pressures (ecological and demographic) shaping alliance complexity.
Fission-fusion societies in which animals fluidly leave and rejoin groups of varying size and composition have been documented in a variety of species, including African elephants (Loxodonta africana- Wittemyer et al. 2005) , spotted hyenas (Crocuta crocuta- Smith et al. 2008) , hamadryas baboons (Papio hamadryas -Kummer 1971) , black spider monkeys (Ateles paniscus chamek), chimpanzees (Pan troglodytes Symington 1990) , and bottlenose dolphins (Tursiops truncatus- Connor et al. 2000) . These grouping patterns allow individuals to optimally adjust group size according to the flux of costs and benefits (Lehmann et al. 2007; Smith et al. 2008; Schreier and Swedell 2012) . Within these fluid societies, the behavior of males and females may be governed by different selective pressures. According to socio-ecological theory, female fitness is usually limited by access to resources (Wrangham 1980) . When food resources are dispersed and hard to defend, females gain little from forming dominance relations or coalitions to compete for food (Sterck et al. 1997) . Male fitness, however, is limited by access to females, discrete entities that can be defended (Wrangham 1980) . Because fertilizations of females cannot be shared, relationships among males are often characterized by competition, aggression, and dominance hierarchies (Cowlishaw and Dunbar 1991; Manson and Wrangham 1991; van Hooff and van Schaik 1994) .
Accordingly, mating strategies of males often vary, both across and within populations, in response to the distribution of females. For example, black howler monkeys (Alouatta pigra) form heterosexual pairs, uni-male groups (single-male groups with multiple females), and multi-male groups within the same population (Bolin 1981; Van Belle and Estrada 2006) and the strategy that is most common is dependent upon population density. At high population density, groups contain more females and are more likely to be multi-male, whereas at lower population density heterosexual pairs or uni-male groups are more common (Ostro et al. 2001) . As illustrated, female group size and distribution play a large role in determining whether populations adopt a uni-male versus multi-male mating system, with larger or more dispersed groups of females failing to be monopolized by a single male (Clutton-Brock 1989) . When monopolization of a female or group by an individual male is not feasible, males may increase their relative reproductive success through alternative mating strategies, such as coalition formation (van Hooff and van Schaik 1994; Watts 1998; Langergraber et al. 2013) . Male coalitions, generally regarded as 2 or more individuals acting in cooperation against a 3rd individual in a competitive encounter (de Waal and Harcourt 1992) , are relatively uncommon, particularly within the context of reproduction, as fertilizations cannot be shared. However, they are observed within several taxa, but perhaps most notably within primates (Nishida and Hosaka 1996; Widdig et al. 2000; Silk et al. 2004) . When coalitions are long-lasting in nature they are referred to as alliances (de Waal and Harcourt 1992) . The formation of long-term male alliances only occurs within a handful of species, including lions (Panthera leo- Packer et al. 1991) , cheetahs (Acinonyx jubatus -Caro 1994) , chimpanzees (Nishida 1983) , and bottlenose dolphins (Connor et al. 1992a) .
Across populations, male bottlenose dolphins fall within a continuum of social complexity. Some males take a solitary approach to gaining reproductive access to females. Few strong or enduring male-male bonds have been confirmed at higherlatitude sites, such as Doubtful Sound (Lusseau 2007) and Bay of Islands, New Zealand (Mourão 2006) , and Moray Firth, Scotland (Eisfeld and Robinson 2004) . It is unknown whether individual males consort females or whether another strategy, such as female choice (Lusseau 2007) , is involved. Other male bottlenose dolphins operate within 1st-order alliances by forming strong bonds with 1 or 2 other males and herd females cooperatively (Connor et al. 1992a (Connor et al. , 1992b . To date, 1st-order alliances have been noted in Sarasota, Florida (Owen et al. 2002) , the Bahamas (Parsons et al. 2003) , and Port Stephens, Australia (Wiszniewski et al. 2012) . Observations of alliances of increased social complexity are largely limited to Shark Bay, Australia, where males exhibit 2nd-order alliances in the shape of moderate bonds between members of 1st-order alliances (Connor et al. 1992a (Connor et al. , 1992b , and the possibility of 3rd-order alliances also exists (Connor and Krützen 2015) . Recent evidence, however, suggests the presence of 2nd-order alliances in Atlantic spotted dolphins (Stenella frontalis-Elliser and Herzing 2014) and possibly Risso's dolphins (Grampus griseus- Hartman et al. 2008) , indicating that complex mating strategies are not unique to Shark Bay bottlenose dolphins, but perhaps are a product of shared evolutionary pressures.
The distribution of alliance complexity in males should be a factor of specific ecological, demographic, or morphological variables that affect the distribution of females and the ability of males to monopolize them. One factor expected to affect male alliance formation is the extent of male-male and male-female interactions, as alliances are unlikely to form in populations in which males rarely interact or in which there is little competition for females . Though the rate of encounter within a dolphin population is not readily quantifiable, population density could serve as a proxy due to its positive effect on the rate of interaction between individuals. If interaction rates increase to a point that is detrimental to male fitness, competition may be reduced through the use of alternative (e.g., cooperative) male mating strategies. Within chimpanzees, for example, coalitionary mate guarding has only been documented within an extremely large population (Watts 1998) . Watts (1998) also found coalition size was ultimately dictated by the operational sex ratio, or the number of competitive males to available females, as predicted by Connor and Whitehead (2005) for bottlenose dolphins. Although many factors impact the number of reproductive females within a population, to a large degree this is determined by how long a female provides parental care to her offspring before returning to cycling. For this reason, the inter-birth intervals (IBIs) of females largely dictate the level of competition males face in securing fertilizations and thus the pressure to use alternative mating strategies. Other factors such as differences in predation risk or resource dispersion may also affect the distribution of females and thus affect the ability of single males to monopolize females (van Hooff 2000; Kappeler and van Schaik 2002) . Lastly, sexual dimorphism, which varies between populations regionally, might explain a difference in the ability of males to individually consort females (Tolley et al. 1995; Hale et al. 2000) .
Given the rarity of male reproductive alliances, the opportunity for comparative study across field sites and populations is limited. Thus, our understanding of the selective pressures shaping complexity of male alliances is also lacking. However, the estuarine populations of bottlenose dolphins along the Atlantic coast of the southeastern United States offer a unique opportunity to examine inter-population variation in male mating strategies, as nearly contiguous populations are currently being studied (Savannah, Georgia-Perrtree et al. 2014 ; Jacksonville, Florida-current study; Indian River Lagoon, Florida-Durden et al. 2011) . Apart from the Indian River Lagoon, which supports a few 1st-order male alliances (Karle 2016) , nearby field sites have yet to demonstrate strong male-male bonds. Thus, the documentation of both 1st-and 2nd-order male alliances within the St. Johns River (SJR) in Jacksonville, Florida, described herein will enable comparative studies among neighboring populations with different social structures and fewer ecological and demographic variables to consider .
Materials and Methods
Data collection.-The SJR is a large blackwater river that drains into the Atlantic Ocean at Mayport Inlet (N30.39904, W-81.39396), approximately 40 km east of downtown Jacksonville (N30.31479, W-81.62987; Fig. 1 ). It is characterized by brackish water, depths of up to 18 m within dredging zones, and extensive boat traffic (DeMort 1991; Benke and Cushing 2005) . Previous work indicates at least 2 genetically distinct communities of bottlenose dolphins inhabit the estuarine waters near Jacksonville, including the SJR community described here (Caldwell 2001) .
Data were collected via weekly photo-identification surveys from March 2011 to March 2014 along a fixed 40-km transect from Mayport Inlet to downtown Jacksonville (where salinity approaches 0 ppt) with the direction of travel alternating each week. Surveys were conducted from a 7.9-m Twin Vee Catamaran or 6.4-m Carolina Skiff. The survey vessel traveled at a consistent speed of 10-12 km/h until dolphins were sighted, at which time the vessel approached and maintained proximity to the dolphin group until all individuals were photographed, typically over a span of 5-30 min. In addition to group size and composition, behavioral information (dive type, predominant group activity, and the occurrence of specific behavioral events) and environmental variables (water depth, water temperature, and salinity) were collected. The dorsal fins of all dolphins within the group (defined using a conservative 10-m chain rule as in Smolker et al. 1992) were photographed using a professional grade digital camera with 400 mm telephoto lens. All procedures followed ASM (Sikes et al. 2016) and IACUC guidelines for research on live animals.
Data analyses.-Over 37 months, data were gathered from 134 surveys and 1,352 group sightings. All photographs were analyzed using standard photo-identification techniques (Würsig and Jefferson 1990) , in which the best photograph of each individual within a sighting was compared to a master catalogue for identification. Dorsal fin shape, nick pattern, and scars were utilized to uniquely identify individuals. All distinctive, unmatched dolphins were added to the catalogue as new individuals. Only identified, non-calf individuals sighted 10 or more times were included in data analyses. All incomplete sightings, sightings that were less than 30% different from a previous group the same day, and sightings that violated the 10-m chain rule (e.g., widespread foraging groups- Smolker et al. 1992) , were excluded from data analyses, for a total of 907 group sightings. Of 349 total individual dolphins encountered, 181 met these sighting history criteria.
Although the current study was focused on 3 years of data, sex determination was based on all available sighting data collected from March 2011 to March 2016. Poor water clarity often inhibits direct observation of dolphin genital regions within the SJR. Alternatively, adult individuals were categorized as female (FEM) if they had been sighted with a calf in infant position in at least 2 sightings (n = 78). Males (MAL; n = 25) were identified based on direct observation of the genitals or genetically via biopsy sampling. All other individuals were placed within an unknown sex category (UNK; n = 78). As such, the unknown sex category included both presumed males (based on behavior) and non-reproductive females. Due to our inability to determine sex of most non-reproductive females, the unknown category is probably confounded by approximately 13 true females, given the assumption that the sex ratio of our sample is 1:1. However, as demonstrated in the results, we have reason to believe that the vast majority of UNK individuals were true males. For this reason, known males were combined with the unknown sex category to increase sample size for some analyses.
Coefficients of association (COAs), specifically half-weight indices (HWIs), were used as a proxy for the strength of social bonds among individuals (Cairns and Schwager 1987) . The HWI is the most commonly used association index in studies of bottlenose dolphins, allowing for comparison among study sites (Supplementary Data SD1). The HWI also accounts for the bias that photo-identification surveys tend to underestimate joint sightings (Smolker et al. 1992 ). The HWI is defined as HWI = 2N T /(N a + N b ), in which N T represents the number of times 2 individuals are seen in the same sighting, and N a and N b represent the total number of times each individual is sighted, respectively (Cairns and Schwager 1987) . HWIs range from 0 (animals never seen together) to 1 (animals consistently seen together-Cairns and Schwager 1987). HWIs were calculated within SOCPROG version 2.7 to quantify the level of association between individuals and also within and between sex classes, the latter via a Mantel test (Whitehead 2009 ). Summary calculations included the mean HWI, which is the average association of all individuals, the mean non-zero HWI, in which individuals who have never interacted are excluded, and the mean top association, which is the average of each individual's maximum bond. In addition, a 2-tailed permutation test (20,000 permutations) for preferred and avoided associates was performed to test for dyads that associate non-randomly (α = 0.05 -Bejder et al. 1998) .
Results from the above analyses were then used to further divide the MAL and UNK sex categories into allied and unallied individuals. Although there is not yet a consensus or clear definition regarding what constitutes a 1st-order alliance, in this study, "allied" status was conservatively applied to groups of MAL-UNK individuals that: 1) had HWI ≥ 0.80, 2) had greater than random associations, and 3) were reciprocal top associates or 2nd top associates with a HWI within 20% of the top association. These criteria were adapted from a collection of previous work (Connor et al. 1992b (Connor et al. , 1999 Möller et al. 2001; Parsons et al. 2003; Wiszniewski et al. 2012) . Smolker et al. (1992) defined 2nd-order alliances as those in which individuals within separate 1st-order alliances maintained average coefficients of association greater than 0.20 with one another. Because the average non-zero HWI between MALs in the SJR community was 0.14, we conservatively raised our criterion for 2nd-order alliance affiliation to 1st-order alliances that shared HWI ≥ 0.28, twice the average, as seen in Elliser and Herzing (2014) .
results
Seven males and 23 individuals of unknown sex met our criteria for 1st-order alliances, composing 15 dyads. Ten individuals formed only 1st-order alliances ( Fig. 2A) , while 20 individuals had HWI ≥ 0.28 with another alliance, indicative of a 2nd-order alliance (Figs. 2B and 2C ). In all, 7 second-order alliances incorporating 10 dyads were found. Seven dyads formed a 2nd-order alliance with only 1 other dyad, while 2 dyads formed 2 separate 2nd-order alliances each, and 1 dyad formed 3 separate 2nd-order alliances. The BGHR-MGLI alliance formed moderate bonds with both the BKER-EWOK dyad and the PLAT-SCTR dyad. Similarly, BKER-EWOK formed 2nd-order alliances with both BGHR-MGLI and PLAT-SCTR. The PLAT-SCTR 1st-order alliance participated in 2nd-order alliances with the BGHR-MGLI, BKER-EWOK, and GRVR-KERM dyads. Bonds across the 7 second-order alliances averaged a HWI of 0.50 ± 0.13, well above the established criterion (HWI ≥ 0.28). Of the 25 MAL within the study, 28% (n = 7) were allied and 16% (n = 4) formed 2nd-order alliances.
Allied MAL-UNK logically had higher top associations (maximum HWIs = 0.92 ± 0.06) than unallied MAL-UNK (X = 0.44 ± 0.18). However, top associations within unallied MAL-UNK were higher than those between allied and unallied MAL-UNK (X = 0.24 ± 0.17). Overall associations with females did not differ based on alliance status, as unallied MAL-UNK were sighted with females as often as allied MAL-UNK (allied:FEM non-zero HWI: X = 0.09 ± 0.04, unallied:FEM non-zero HWI X = 0.08 ± 0.04). However, while it is currently unknown if unallied individuals engage in consortships with females, all 30 allied MAL-UNK have been documented in herding formation, surfacing synchronously while flanking a known female (Connor et al. 1996) .
Overall SJR community analyses indicated the presence of long-term preferences among individuals, as both the standard deviation and coefficient of variation were greater than random (P < 0.01). Mean HWIs within the sexes were significantly greater than those between them (Mantel test, P = 1.00; Table 1 ). The strongest top bonds were found between MAL and the pooled category of MAL-UNK (UNK maximum HWI range: 0.13-1.00; MAL maximum HWI range: 0.21-1.00; Fig. 3 ). MAL had their highest association with another MAL in 34% of cases, and UNK had their highest association with another UNK in 70% of cases. When the UNK and MAL sex categories were combined, 93% of MAL-UNK individuals had a top associate of the same sex. In addition, no known male had a known female as his top associate. FEM had their highest association with another FEM in 78% of cases, but the majority of FEM top bonds were between a HWI of 0.10 and 0.30 (Fig. 3) . 
discussion
Most notably, some SJR males participated in both 1st-and 2nd-order alliances, a level of bottlenose dolphin social complexity previously known only from Shark Bay, Australia (Connor and Krützen 2015) . This finding is particularly remarkable given our use of a conservative definition of groups (10-m chain rule- Smolker et al. 1992 ) and a stringent criterion for alliances of HWI ≥ 0.80. Although sex was not positively identified for all alliance members, there was a strong discrepancy between the top bonds of known females (HWI = 0.27 ± 0.09) and known males (HWI = 0.66 ± 0.25) within our study site (Fig. 3) . A HWI criterion of 0.80 effectively eliminates all potential females from allied status and is equally, if not more, exacting as the association criterion of peer publications. In addition, the documentation of multi-level alliances within the SJR via quantitative methods is supported by behavioral observations of cooperative herding events involving 2 first-order alliances. Overall, the sex-specific association patterns described for other field sites were upheld within the SJR community. More specifically, female relationships were low to moderate in strength, whereas male (MAL-UNK) bonds were markedly stronger. The observed pattern of intermediate female bonds echoes other studies in Sarasota, Florida (Wells et al. 1987) , Port Stephens, Australia (Möller et al. 2006) , and Shark Bay, Australia (Smolker et al. 1992) . In this study, 78% of FEM top associates were also FEM, greater than the 64% of femalefemale top associations noted in Shark Bay, Australia (Tsai and Mann 2013) . However, the strength of top FEM-FEM bonds in the SJR (X = 0.26 ± 0.09) was reduced compared to other populations (Supplementary Data SD1). In addition, during the time frame of this study, the SJR community showed little evidence of female bands, or cliques, as seen in the majority of other field sites (Sarasota, Florida-Wells et al. 1987 Mean top associations among MAL-UNK (X = 0.58 ± 0.27) within the SJR are most similar to those of males in Panama City, Florida (Bouveroux and Mallefet 2010) , Little Bahama Bank, Bahamas (Parsons et al. 2003) , Doubtful Sound, New Zealand (Lusseau et al. 2003) , and Port Stephens, Australia (Wiszniewski et al. 2009 ), though still lower than those cited in Shark Bay, Australia (Smolker et al. 1992 ). However, 93% of MAL-UNK individuals had a same-sex top associate, comparable to Tsai and Mann's (2013) observation of 86% of males forming top associations with other males in Shark Bay, Australia.
Allied and unallied individuals in the SJR showed a similar pattern in bond strength to the observations of Owen et al. (2002) in Sarasota, Florida, in that the strongest bonds were between allied individuals, then between unallied individuals, and the weakest bonds were between the 2 categories. In addition, similar to the findings of Owen et al. (2002) , allied and unallied individuals appear to interact with females at similar levels. Despite the increased level of complexity observed among males in the SJR (i.e., multi-level alliances), the community differed from other study sites in that a reduced proportion (29%) of MAL-UNK seem to utilize alliances as a mating strategy. However, this is probably an underestimate, for while we excluded calves from our analyses, we could not single out sexually (or socially) immature males who perhaps had not yet solidified alliance partnerships. The proportion of allied males in other populations ranges from 57% in Sarasota, Florida (Owen et al. 2002) , to 85% in Shark Bay, Australia (Smolker et al. 1992) , with other study sites containing male alliances falling intermediate (Parsons et al. 2003; Wiszniewski et al. 2012) . The coexistence of allied and unallied males within the SJR suggests the presence of 2 alternative mating strategies within this community. Gross (1996) delineates alternative mating strategies into those that are fixed early in life, often through a polymorphism (Lank et al. 1995) , and those that are sequential or condition-dependent and change with individual status (DuVal 2007) . A polymorphism is an unlikely cause of the variation we see in alliance status, particularly given the behavioral flexibility seen in bottlenose dolphins. Rather, forging and maintaining alliances is probably an extremely complex process and dependent upon a combination of many individual and environmental variables. For example, male chimpanzees at Ngogo, Kibale National Park, use coalitions as a strategy to gain access to females during particularly large mating parties (Watts 1998), whereas lance-tailed manakins (Chiroxiphia lanceolata) form alliances more as a factor of relative experience and partner availability (DuVal 2007) .
Several socio-ecological factors (see Connor et al. 2000 ) may help explain the distribution of study sites exhibiting male alliances of varying complexity. For example, population density is extremely variable across dolphin populations (X = 1.32 dolphin/km 2 ; Supplementary Data SD2), ranging from a low of 0.02 dolphins/km 2 in Moray Firth, Scotland (Wilson et al. 1997 (Wilson et al. , 1999 Nicholson et al. 2012 for an exception) and the SJR supports 6.76 dolphins/km 2 . Presumably, as population density exceeds 1 dolphin/km 2 , male-male encounters become frequent enough to warrant alliance formation, though focal follows quantifying male-male encounter rates should be used to verify this. In addition, the methods utilized to quantify population density across populations are rarely identical and density often fluctuates seasonally, rendering the inter-population comparisons above preliminary.
In addition, average IBIs differ greatly among study sites. Within the literature, IBIs were found to range from 2.9 years (Beaufort, North Carolina-Thayer 2008) to 4.55 years (Shark Bay, Australia-Mann et al. 2000) and possibly upwards of 5 years, as measured by the age of separation in Sarasota, Florida (Wells 1993) . Only the 2 study sites with the longest IBIs, Shark Bay, Australia , and Sarasota, Florida (Wells 1993) , support male alliances. While mean IBIs are not available for the SJR population, as the population has not been studied long enough for the majority of females to calve twice, so far only 11 out of 97 (11%) known females have an IBI < 4 years (Q. Gibson, pers. obs.). However, as seen in New Zealand, females may have relatively long IBIs (4-5 years) that do not result in the formation of male alliances (Mourão 2006; Henderson et al. 2014) . It is likely that other confounding variables (e.g., large body size) are at work here, or perhaps across populations male-male competition and the operational sex ratio do not always correlate with one another. Lusseau (2007) has suggested female choice, rather than overt male-male competition, as the prevalent mating strategy in Doubtful Sound, New Zealand. Direct measurements of the level of male-male aggression, as seen in Lusseau (2007) , may be more useful in predicting alliance formation.
Though factors that may affect female distribution (e.g., predation) and the ability of males to monopolize females (due to sexual dimorphism) were examined, based on our review of the literature no association was found between either factor and the development of male alliances. Another long-time hypothesis regarding habitat characteristics as a driving factor for formation of 2nd-order alliances also faltered with the addition of the SJR as a study site. The hypothesis suggested that an open habitat (such as that in Shark Bay, Australia), in which males could not hide their female consorts, was more likely to attract competition from other males and select for the development of 2nd-order alliances . Males in more fragmented habitats (e.g., Sarasota, Florida) would be able to hide their consortships, and thus lack the impetus for 2nd-order alliances. However, the documentation of 2nd-order alliances within the SJR, a similarly fragmented habitat, fails to support this hypothesis. In this instance, other factors (e.g., long IBIs, high population density) may outweigh the effect of habitat characteristics, or perhaps habitat plays little role in predicting male-male competition. Regardless, increased male-male competition seems to best predict alliance formation. As such, greater research is needed to define what parameters drive male-male competition. Suggestions include examining the temporal and spatial distribution of receptive females within populations as an indirect measure of male-male competition, as well as direct quantification of male-male aggression within and across study sites. Increased and more detailed examination of the demography of contiguous bottlenose dolphin populations across the southeastern United States would allow for the unique opportunity to test the predictive value of population density, IBIs, and sexual dimorphism across populations within the same region, sharing many of the same environmental characteristics.
On a broader scale, the formation of coalitions, or temporary cooperation between individuals, is relatively rare; coalitions can be found within wild dogs (Lycaon pictus-de Villiers et al. 2003 ) and spotted hyenas (Smith et al. 2010) , for example. But long-term cooperative pacts in the shape of alliances, as seen in lions (Packer et al. 1991) , cheetahs (Caro 1994) , and primates (Nishida 1983; DuVal 2007) , are rarer yet. Multi-level alliances, which pose a significant cognitive burden, are limited to large-brained dolphins (bottlenose- Connor et al. 1992a; spotted-Elliser and Herzing 2014) and humans (DeScioli and Kurzban 2009 ). This study is evidence that higher-level alliances are not unique to one population of bottlenose dolphins but rather the outcome of a complex suite of ecological and demographic variables encouraging male-male cooperation. The discovery of a 2nd population with this heightened level of social complexity is a critical step toward understanding the evolution of this pattern. Ultimately, a comparison of potential shared selective pressures experienced by allied populations is needed to elucidate what factors govern the need for complex, multi-tiered social relationships, both within bottlenose dolphins as well as among other social species.
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